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231 (5): 1579-1587. 1976. -A comparison was made of the effects of vasopressin (ADH), methoxamine (MX), and angiotensin II (AN) on coronary and left ventricular dynamics, cardiac output, and regional blood flow distribution in intact, conscious dogs. At an equal percent pressure elevation, ADH reduced cardiac output and cardiac rate the most, while AN had the least effect. After denervation of arterial baroreceptors, ADH still reduced heart rate, while AN increased it, suggesting nonbaroreceptor negative and positive chronotropic effects, respectively. A differential pattern on peak dP/dt was also observed, with ADH causing a greater reduction than MX while AN did not decrease dP/&. With heart rate held constant, AN did not reduce dP/dt, suggesting a direct positive inotropic effect since dP/dt should have fallen slightly due to reflex mechanisms, as was observed with MX and ADH. ADH induced the greatest increase in coronary resistance (140%), while the least (46%) was observed with AN, which could be explained, in part, by the differential effects observed on cardiac rate and contractility.
The greatest increase in resistance in the iliac bed occurred with ADH (307%), and the least with AN (34%). Conversely, the greatest constriction in the renal bed occurred with AN (95%), and lesser amounts were observed with ADH (36%) and MX (35%). Thus ADH, MX, and AN exert potent yet differential vasoconstricting actions on peripheral beds. In addition, while all three agents elicited coronary vasoconstriction, the differential effects on coronary vascular resistance appeared to be due predominantly to a difference in chronotropic and inotropic actions. renal vessels; vasoconstriction; iliac vessels; myocardial contractility; mesenteric vessels; left ventricular diameter; coronary vessels; arterial baroreceptors POWERFUL VASOCONSTRICTORS such as angiotensin II (AN), vasopressin (ADH), and methoxamine (MX) have been studied extensively in isolated organs and anesthetized animal preparations. In order to conduct a comprehensive evaluation and comparison of the circulatory effects of these vasoconstrictors, in the intact, conscious animal, we examined their effects on left ventricular and coronary dynamics, cardiac output, and regional blood flow distribution. It was considered important to conduct this study in the conscious animal in which vascular resistances and, in particular, reflex control of the circulation have not been altered by the presence of a general anesthetic (25) since these three drugs elicit direct as well as reflex circulatory effects.
This investigation had three specific goals: 1) to ana-. lyze the differential pattern of action induced on left ventricular dynamics, cardiac o utput, and regional resistances by administering graded doses of AN, ADH, and MX; 2) to examine the extent to which the differential effects on cardiac output, coronary and left ventricular dynamics could be attributed to changes in cardiac rate; and 3) to separate direct and reflex effects of these three pressor agents by studying animals before and after total arterial baroreceptor denervation. Each drug was studied in the same animals on 3 separate days, thereby allowing within-animal comparisons, and sufficient time for metabolism of the drugs.
METHODS
Twenty six normal mongrel dogs (22-36 kg) were studied in the conscious state. All operations were performed with use of sterile surgical technique and general anesthesia with intravenous pentobarbital sodium 30 mglkg. A left thoracotomy in the fifth intercostal space was performed in eight dogs for implantation of miniature pressure gauges (Konigsberg P22, Konigsberg Instruments, Pasadena.) within the left ventricle through a stab wound in the apex, ultrasonic diameter transducers on opposing endocardial surfaces of the left ventricle, Doppler ultrasonic flow transducers .around the left circumflex coronary artery, stimulating electrodes on the right ventricle, and a heparin-filled Tygon (Norton Company, Plastics and Synthetics Division, Akron) catheter in the left atrium. Electromagnetic flow transducers (Zepeda Instruments, Seattle) were implanted around the ascending aorta in 10 dogs. Through a midline laparotomy, Doppler ultrasonic (five dogs) and electromagnetic flow transducers (Zepeda) (three dogs) were placed around the mesenteric, left renal, and left iliac arteries. A heparin-filled Tygon catheter was implanted in the or femoral branch in all dogs. baroreceptor denervation. Using pentobarbital anesthesia and a midline cervical incision, the carotid sinus nerves were identified and sectioned bilaterally.
Bilateral section of the aortic nerves was carried out according to the technique described by Edis and Shepherd (7) The experiments were conducted 3 wk to 2 mo postoperatively when the dogs had recovered from operation. Control records of cardiac output, left ventricular pressure diameter, dP/&, regional blood flows, arterial pressure, and heart rate were obtained while the unsedated dogs were lying quietly and during the administration of the different drugs. AN, MX, and ADH were administered in graded doses intravenously as an infusion in the same animals on separate days. The sequence of administration of the drugs was chosen at random. ADH (synthetic [ 8lysinelvasopressin concentrate, Sandoz) was administered in graded doses of 1.2-25 mp/kg per min for periods of 7 min each. MX was administered in a similar way in doses of 5-50 pg/kg per min, and AN (Hypertensin -CIBA) was administered in doses of 0.02-0.25 pg/kg per min. In the experiments in which cardiac output, coronary blood flow, and left ventricular pressure were measured, the dogs were studied in sinus rhythm and also while heart rate was kept constant by electrical stimulation of the right ventricle at a fre- Cardiac output fell by 44 t 4% with ADH, 16 t 2% with MX, and 8 t 3% with AN, while total peripheral resistance rose by 153 t 15% with ADH, 61 t 5% with MX, and 48 t 5% with AN. For the highest pressure response, i.e., 55% increase in mean arterial pressure, the differential effects on cardiac output, total peripheral resistance, and heart rate were even more pronounced, but all dogs could not be included since a 55% elevation in arterial pressure could not always be obtained with ADH. The differential reduction in cardiac output was associated with a differing amount of cardiac slowing, since effects on stroke volume were only minor and decreased in a similar way with all three drugs (Fig. 1) . From similar control levels, heart rate fell by 31 t 3 beatslmin with ADH, significantly less (P < O.Ol>, i.e., 13 t 2 beats/min, with MX, and only 3 t 2 beats/min with AN, which was significantly less (P < 0.01) than that which occurred with MX.
cantly greater (P < 0.01) than for MX, which were, in turn, greater (P < 0.01) than for AN.
Heart rate constant. With heart rate maintained constant, the reductions in peak dP/& with ADH (9 t 2%) and MX (5 t 2%) were still significant, but the difference between the responses was no longer significant. The response to AN differed significantly from the other two in that no change in peak dP/& was observed. The increases in end-diastolic diameter with ADH and MX were significantly greater than that occurring in sinus rhythm.
The difference between AN on the one hand and MX and ADH on the other was still present, although less marked. Heart rate constant. When heart rate was kept constant by right ventricular pacing at a frequency slightly above control, the differential effects on cardiac output were less striking and were mainly due to different reductions in stroke volume. All dogs with constant heart rate could be studied at the highest pressure response (55% increase in mean arterial pressure). At this point, stroke volume fell 7.5 t 1.5 ml with ADH, which was a significantly greater decline (P < 0.01) than with MX (3.5 t 1.5 ml) and AN (3.0 t 1.0 ml). When mean arterial pressure rose by 55%, the increase in left ventricular end-diastolic diameter was significantly less (P < 0.01) with AN (1.45 t 0.30 mm) than with ADH (2.50 t 0.45 mm) and MX (2.21 t 0.34 mm). At this response, a differential pattern for peak dP/dt was observed as had been observed with heart rate (Fig. 2) . Peak dP/& fell 25 t 2% with ADH, 10 :c: 2% with MX, but not significantly with AN. Again, the responses for ADH were signifi- Coronar-y Bed (Nine Dogs) differential pattern occurred. However, at the higher Spontaneous rhythm. For a 55% increase in mean pressure response (55% increase in mean arterial presarterial pressure, ADH decreased mean left circumflex sure) there was no longer a difference between the coronary flow (30 t 7%), and AN increased mean coroeffects of AN and MX, while ADH remained the least nary flow (10 5 6%), while MX did not change coronary potent renal constrictor (Fig. 4) .
flow significantly (Fig. 2) . Accordingly, the increase in Mesenteric bed. At an equipressor rise of 25% in mean calculated late-diastolic coronary resistance was the arterial pressure, ADH decreased mesenteric blood flow greatest with ADH (140 t 22%), which was more than the most (P < 0.01) (55 -+ 4%) and increased calculated + 10%) (P < 0.05) and AN (46 t 8%) (P < mesenteric resistance the most (P < 0.01) (164 t 21%).
with MX (75 _ 0.01).
MX caused an intermediate response, mesenteric blood
Heart rate constant. When heart rate was maintained flow fell (29 t 5%), and mesenteric resistance rose (89 t constant, mean coronary flow did not change signifi-13%). AN was least potent (P < 0.01) and mesenteric cantly from control with ADH, but rose with AN and flow fell only 20 t 3%, while mesenteric resistance rose MX. ADH increased late-diastolic coronary resistance by only 58 + 4%. At equipressor responses of 35 and 55% -by 95 + 7% which was significantly greater (P < 0.05) in mean arterial pressure, a similar differential pattern than the i&ease with MX (38 2 7%) or AN (35 t 4%). was observed among the three drugs (Fig. 4) . ZZiac bed. The differential pattern of vasoconstriction with administration of these-drugs on the iliac bed was quite, similar to the effect on the mesenteric bed. There was a greater vasoconstriction with ADH than with MX Distribution of Blood Flows and Resistance (Eight Dogs) (Fig. 3) RenaZ bed. For an equipressor rise of 25% in mean and AN. At an equipressor response of 25% in mean arterial pressure, AN reduced renal blood flow (33 t arterial pressure, ADH decreased iliac flow by 67 t 3% 4%) far more (P < 0.01) than did either MX (8 t 4%) or and increased iliac resistance by 307 t 41%. MX de-ADH (6 t 4%), while calculated renal resistance rose creased iliac flow by only 37 t 4% and increased iliac more (P < 0. arterial pressure, a similar differential effect occurred ity of bradycardia elicited, which was most profound for (Fig. 4) .
ADH. In order to determine if the reduction in cardiac output was solely related to the bradycardia; the dogs Heart Rate Responses After Arterial Baroreceptor Denervation (Fig. 5) After recovery from total arterial baroreceptor denervation, for a similar increase in mean arterial pressure (55%), infusion of ADH reduced heart rate by 9 t 1 beats/min (P < 0.01). AN increased heart rate by 23 * 5 beats/min (P < O.Ol), and MX had no significant effect on cardiac rate. The differences in cardiac rate responses before and after denervation were 20 beatslmin for ADH, 21 beats/min for MX, and 25 beats/min for AN. Thus it appeared that the arterial baroreceptors were responsible for a 20-25 beat/min change in cardiac rate for a steady-state 55% elevation in mean arterial pressure.
DISCUSSION
Infusions of ADH, AN, and MX all reduce cardiac output in the normal conscious dog; ADH caused the greatest reduction and AN the least. Since the changes in stroke volume with the three drugs were not significantly different, the differences in the reduction of carwere studied on a separate day with heart rate held constant. Under these circumstances, ADH still exerted the most reduction in output of the three agents studied, but this was through a greater reduction in stroke volume.
For a similar increase in arterial pressure, which implies equal stimulation of the baroreceptors, different degrees of bradycardia were observed with the three drugs. The differences in cardiac rate responses were most likely not due to differences in baroreceptor effects, since the baroreflex bradycardia was almost identical for each drug, that is, approximately 20 beatslmin. This conclusion is based upon the finding that a 20 beat/ min difference in cardiac rate response was observed with each agent in the presence and abse-rice of arterial baroreceptors. However, in the intact, conscious dogs, as noted above, ADH elicited the most profound bradycardia while AN did not reduce heart rate significantly. This suggests an effect on cardiac rate mediated by mechanisms other than baroreflexes, such as a direct or central chronotropic effect. This was studied by denervation of arterial baroreceptors, following which there disc output were related, in part, to the differing sever-was no significant change in heart rate with adminis- tration of MX. In contrast to the lack of chronotropic effects of MX, there was a significant increase in heart in Bowditch effect, i.e., a greater negative inotropic effect would be observed with a more profound bradyrate with AN after denervation of arterial barorecepcardia. The Bowditch effect, which is bf little importors, which may have been mediated by an effect on the central nervous system (9), by the ganglion stimulating tance in the normal heart in the heart range of 90-220 beatslmin (14), might assume more significance in the action of AN, or it may have been due to catecholamine lower heart rate ranges and may have intensified the release locally from adrenergic nerve endings within small negative inotropic effect induced by baroreflex the heart (17, 19). On the other hand, with vasopressin, stimulation most significantly with ADH. Minor reducwith arterial baroreceptor denervation, which signified there was a slight decrease in heart rate in the dogs with ADH (9%) and MX (5%), supporting the observations in dP/& with heart rate constant were observed tion that the mechanism of baroreflex withdrawal of inotropic tone plays only a minor role in the normal, conscious animal (26). An alternative explanation for the minor reductions in contractility that were observed is that the coronary vasoconstriction elicited by these drugs reduced myocardial 0, supply with a consequent decrease in contractility.
If that mechanism were operating, then baroreceptor reflex withdrawal of inotropic tone would exert an undetectable effect. a negative chronotropic effect, which has been suggested previously (22, 27) and which has been attributed to an action operating through the central nervous system (24).
The three agents elicited a differential pattern in myocardial contractility as well. ADH decreased contractility more than did MX, as reflected by a greater decrease in peak dP/& at an elevated end-diastolic size. With AN, however, there was no significant change in dP/& at the largest dose studied. In part, the difference in inotropic properties may be attributed to differences
The finding that AN did not decrease dP/dt suggests that AN exerts a slight positive inotropic effect, a find- While a recent study suggests MX possesses a positive inotropic effect mediated through alpha adrenergic receptors (21), a previous study suggests MX exerts a negative inotropic effect (16). Perhaps in the intact animal these opposing actions offset each other since the magnitude of the inotropic response to MX was slight in the present study.
The differential effect on the coronary circulation, i.e., ADH caused the largest increase in coronary resistance while AN caused the least effect, can be partially explained by the differential effects on heart rate and contractility.
Bradycardia and negative inotropic action would oppose increases in myocardial oxygen demands produced by elevated ventricular tension that occurs with these agents. By producing the greatest bradycardia and negative inotropic effect, ADH would accentuate the vasoconstriction by limiting myocardial oxygen demands, while AN, by having a slight positive inotropic effect and causing the least cardiac slowing, would exert a more positive effect on myocardial oxygen consumption.
With heart rate constant, ADH still was the most potent coronary vasoconstrictor.
While several studies have shown that AN (6, 11) and ADH (3, 8) constrict coronary vessels, the present study demonstrated that this action occurs with these agents as well as with MX in the conscious dog, even in the face of a constant heart rate and minimal changes in contractility.
From the results, it is clear that AN was the most potent vasoconstrictor on a molar basis, but when compared to ADH and MX at equipressor responses, it was most potent only in the renal bed. In contrast, AN was less potent on total peripheral resistance as well as on the iliac, mesenteric, and coronary beds, compared with ADH and MX at equipresstir levels. Thus AN induced a differential pattern of vasoconstriction with the greatest effect observed in the renal bed, a less intense effect on the mesenteric, and the least effect on the iliac bed (Fig.  4) . Others have noted a more intense vasoconstriction in the kidney than in the hindlimb with AN as well (1, 2, 10 
